ABSTRACT
Two series of MCC-1 tests were designed and conducted to describe the effects of surface finish on the corrosion behavior of titanate ceramics. These effects are important for the comparison of short-term test results from different laboratories. Test samples were prepared with 240-and 600-grit finishes. Tests, conducted for 1, 3, 7, and 14 days at 90°C, were carried out in Teflon ® vessels. Two different ceramics were used in this study: a Hf-Ce-Ce ceramic containing pyrochlore, perovskite, rutile and a small amount of a silicate phase, and a Hf-Ce-U ceramic containing pyrochlore and rutile.
This study shows no detectable difference in the results of tests with ceramics finished to 240-grit and 600-grit; therefore, tests conducted at these two surface finishes can be directly compared. Due to its broader use, we recommend that short-term tests be conducted with monoliths finished to 600-grit. Comparison of data from blank tests in Teflon ® and stainless steel vessels shows that the background associated with Teflon ® vessels is lower. Therefore, we recommend that short-term tests be conducted in Teflon ® vessels.
I. INTRODUCTION

A. Background
The dismantling of nuclear weapons and the cleanup of weapons production sites has generated large quantities of surplus weapons-grade plutonium (Pu), contaminated Pu stock, and Pu scrap in the United States. The U.S. Department of Energy (DOE) has selected two options for the disposition of surplus Pu. Some of the Pu will be incorporated into a~mixed oxide fuel (MOX) for use in commercial reactors. The remaining Pu will be immobilized and disposed in a stable titanate ceramic material. The titanate ceramics described and tested in this study represent the currently preferred pyrochlore-rich formulation; neither of these ceramics contains Pu.
B. Purpose
Short-term tests have been conducted at Argonne National Laboratory (ANL) [BAKEL-1999c] , Pacific Northwest National Laboratory (PNNL), Westinghouse Savannah River Company (WSRC) [CRAWFORD-1999] , and Australian Nuclear Science and Technology Organization (ANSTO) [SMITH-1997] for the Fissile Materials Disposition (FMD) program. The tests at ANL were conducted with a 240-grit sample surface finish. The 240-grit finish was chosen as the best practical alternative to the as-cut specification in the American Society for Testing and Materials (ASTM) procedure [ASTM-1998] . The procedure requires a laborintensive, time-consuming cutting process that uses a 220-grit slow-speed saw blade, thus producing a 220-grit finish. We judged that finishing each monolith to 240-grit with SiC paper was quicker and more reproducible than the ASTM cutting procedure. In addition, many of our ceramic samples are fabricated as single monoliths, and do not require cutting [HASH-1999] ; these samples can not be cut as described in the ASTM procedure.
Tests at PNNL and SRTC were conducted with ceramics having a 600-grit sample surface finish. In the case of radiation-damaged ceramics, a 600-grit finish was required to produce a consistent damaged layer [CRAWFORD-1999] . Therefore, in order to compare the test results from the different laboratories, it is important to understand the effects of the different sample surface treatments on the results of short-term MCC-1 tests. Previous studies demonstrated small but significant differences in the short-term corrosion behavior of glass monoliths, depending on surface finish [OH-1991 , DUSSOSSOY-1992 . The primary purpose of this report is to document two series of tests designed to describe the effects of surface finish (240-vs. 600-grit) on the corrosion of titanate ceramics.
A secondary purpose of this report is to document the use of Teflon ® vessels in shortterm tests. Previous short-term corrosion studies have utilized 304L stainless steel test vessels [BAKEI~-1999a [BAKEI~- , -1999b [BAKEI~- , -1999c . Difficulties observed while using stainless steel vessels include problems with cleaning used vessels contaminated with U and Pu, plus high background concentrations of Ca [BAKEL-1999c] . These difficulties led us to investigate the use of Teflon ® vessels in the short-term tests described in this report. The advantages and disadvantages of Teflon ® vessels relative to stainless steel vessels are discussed in this report.
II. EXPERIMENTAL
A. Test Materials
1.
Fabrication Procedure
The titanate ceramics investigated for the tests described in this report were fabricated at ANL from chemicals in the proportions shown in Table 1 . The precursor chemicals were wet ball-milled for 12 hours tO grind and mix them. The mixture was calcined at 750°c for one hour. The calcined material was broken up by pushing it through a 20-mesh sieve. The resulting powder was pressed into a 1.25 cm pellet by using a hydraulic press at about 700 Kg/cm 2, then sintered in air at 1350°C for four hours. The ceramic samples used in this study were fabricated as individual monoliths each about 1 cm in diameter and 2-3 mm thick. 1These ceramic compositions are based on batch compositions; uncertainties are estimated at 10%. ZDensities were determined geometrically; uncertainties are estimated at 10%.
2.
Phase Composition Figure 1 shows electron micrographs of polished cross sections of the two ceramics used in this study. The areas shown in Figure la and b are small (about 100/xm x 75 /zm), but they are judged to be representative of grain size and phase assemblage, but they may not be representative of porosity and minor phase distribution. These samples were prepared for SEM examination by sequentially polishing a monolith with 240-, 400-, 600-, and 1200-grit SiC paper. The grain size for the Hf-Ce-Ce ceramic is 10-40/xm, while the grain size for the Hf-Ce-U ceramic is <10 gm. Figure lc shows a transmission electron image of pyrochlore within the Hf-Ce-Ce ceramic.
The Hf-Ce-Ce ceramic is composed of pyrochlore, rutile, perovskite, and a trace of a silicate phase. The pyrochlore contains Ca, Ti, Hf, Ce and Gd; the futile contains Ti and Hf; the perovskite contains Ca, Ti, and Ce; and the silicate phase contains A1, Si, P, Ca, Ti, Ce, and Gd. The Si, A1, and P were probably introduced as trace impurities in the batch chemicals. The phase compositions were determined by using qualitative EDS. The approximate phase assemblages in the area shown in Figure la are 50% pyrochlore, 30% perovskite, 10% rutile, <1 % silicate, and <5% porosity. The baseline Hf-Ce-U ceramic is compQsed primarily of pyrochlore (containing Ca, Ti, Hf, Ce, Gd, and U) and rutile (containing Ti and Hf). approximate phase assemblage of the area shown in Figure lb is 80% pyrochlore, 15% rutile, and <5% porosity. In both cases, the phase abundances were determined by digitizing the SEM images at a resolution of 1280 by 960 pixels (72 pixels/inch), defining a range contrast/brightness for each phase, and calculating the area occupied by pixels having the specified ranges of contrast and brightness, 
Rutile
Surface Finish
After sintering, the ceramic samples (fabricated as monoliths, 1 cm in diameter and 2-3 mm thick) were polished to a 240-grit finish, and then to a 600-grit finish with wet SiC paper. Each monolith was visually inspected. Some of the samples were rejected because of such surface irregularities as chips or large voids. One half of the wafers were then refinished to 240-grit. Each wafer was ultrasonically cleaned in demineralized water (DtW) and ethanol. After cleaning, each monolith was again inspected to ensure a consistent surface finish. The geometric surface area of each monolith was calculated from its measured diameter and thickness. The uncertainty of these measurements is less than 10%. Because of the actual surface area is higher than the geometric surface area by an unknown amount. Because of pores and surface roughness. Examples of a 40-grit and a 600-grit surface finish are shown in Figs. 2a and 2b. 
MCC-1 Test Procedure
Tests discussed in this study were conducted according to the MCC-1 procedure [ASTM-1998 ], with modifications as described in this report. All test vessels were cleaned according to a common procedure, given in Appendix A. Tests were started by sealing each ceramic wafer in a 22-mL Teflon ® (PDA, Savillex) vessel with about 18 g of deionized water (DIW). The vessels were then placed in a constant-temperature oven at 90°C for the appropriate time period. The test durations were 1, 3, 5, 7, and 14 days. The geometric surface-area-to-leachant ratio (S/V) for these tests was about 10 m -~. At the end of the test, the leachate was removed from the vessel, and an aliquot was analyzed for pH. The remaining leachate was acidified with a few drops of high-purity HNO3 and analyzed for cation concentrations by means of inductively coupled plasma-mass spectrometry (ICP-MS). The ceramic sample was removed and archived. The test vessel was rinsed, filled with 5% HNO3, and placed in a 90°C oven for at least 16 hours. This "acid strip" solution, which contains any material fixed on the vessel wall, was analyzed for cations by using ICP-MS.
C. Calculation of Normalized Mass Losses
The average [NL(i)] values for MCC-1 tests were calculated to reflect the extent corrosion of the ceramic materials. The calculation method is shown in equations 1 through 5:
Where Ctl is the total concentration of an element in the leachate released from the ceramic, Crĩ s the measured concentration of an element in the leachate, C u is the concentration of an element in the leachate from a blank test.
Where C~ is the total concentration of an element in the acid strip solution released from the ceramic, Cma is the measured concentration of an element in the acid strip solution, Cba is the concentration of an element in the acid strip solution from a blank test. M1 = Ctl * Vl,
Where M~ is the mass of an element in the leachate, and V~ is the volume of the leachate.
Where M, is the mass of an element in the acid strip solution and V, is the volume of the acid strip solution.
Where NL(i) is the normalized mass loss based on element i, S is the geometric surface area the ceramic test sample and fi is the mass fraction of element i in the ceramic.
The uncertainty of the blank-corrected concentrations is estimated to be about 21%, combining 15% estimated uncertainty for each of the concentrations measured from blanks and test solutions. The uncertainty of the NL measurements was estimated to be about 33% for the values calculated from tests with the baseline and impurity ceramics. This value includes 15% uncertainties for C~n~, Cb~, Cm., and Cb~, 10% for fi derived from batch chemical weights, and 10% for S.
The normalized loss [NL(i)] values reflect the amount of ceramic dissolved, based on the release of different elements, during corrosion tests. If a material dissolves congruently, then the NL values based on all elements will be similar. On the other hand, if an element is preferentially released, then the NL value based on that element will be relatively high, and if an element is preferentially retained, then the NL value based on that element will be relatively low. In addition, if a material dissolves congruently and any of the released elements precipitate, then the NL value based on the precipitated elements must be relatively low.
III. RESULTS AND DISCUSSION
A. Blank Test Concentrations
All corrosion tests for this study were conducted in Teflon ® test vessels. The vessels used in the Hf-Ce-Ce tests had been previously used in glass corrosion tests, and had been cleaned according to the MCC-1 procedure (Appendix A). The vessels used in the Hf-Ce-U tests were new, and were cleaned according to the same procedure.
Elemental concentrations from the blank tests using four types of vessels are shown in Table 2 . These data show that the background concentrations for tests in used Teflon ® vessels are slightly higher in Ca and U than for tests in new Teflon ® vessels. In addition, tests with stainless steel vessels have a significantly higher background than tests with Teflon ® vessels, particularly with respect to Ca and Ti.
Blank tests were carried out in parallel with both the Hf-Ce-Ce and the Hf-Ce-U ceral~fic tests. The results of the blank tests were used to quantify the background for the samplecontaining tests. As indicated in equations 1 and 2, the averages of the elemental concentrations obtained from the blank tests were subtracted from the total concentrations measured in test solutions. This calculation gives the amount of the element leached from the ceramic in the test. [BAKEL-1999b] . 4From a study of short-term test background concentrations [BAKEL-2000] . 5 ND = not determined.
B.
Tests with Hf-Ce-Ce Ceramic A set of triplicate MCC-1 tests at 90°C in used Teflon ® vessels was conducted along with triplicate blank tests. The normalized mass loss values based on several elements for the 240-grit and for the 600-grit surface finish tests are shown in Table 3 and plotted in Fig. 3 . The values for NL(Ca), NL(Ti), NL(Ce), and NL(Gd) are all well above the detection limit, while the values for NL(Hf) are only about twice the detection limit. The average values with the standard deviations for all of the normalized loss values overlap between these two sets of tests. Therefore, the two surface finishes lead to no detectable differences in these tests. 
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C.
Tests with Hf-Ce-U Ceramic A set of 30 MCC-1 type tests was conducted with a baseline Hf-Ce-U ceramic, along with 30 blank tests. Triplicate tests and blanks were run for 1, 3, 5, 7, and 14 days. Identical test series were conducted with ceramics finished to 240-grit and 600-grit. The normalized mass loss values based on several elements for 240-grit and for 600-grit surface finish tests are shown in Tables 4 and 5 . The values for NL(Ca), NL(Gd), NL(Ce), and NL(U) are all well above detection limit, while the average values for NL(Ti) and NL(Hf) are only slightly above detection limit.
The average normalized releases and their standard deviations shown as a function of the test duration in Fig. 4 . The normalized mass loss values from 600-grit tests overlap the normalized mass loss values from 240-grit tests. Therefore, the two surface finishes lead to no detectable differences in these tests. 
Comparison with Previous Results
The normalized mass loss values measured in the three-day MCC-1 tests described in this study suggest that these materials might be somewhat more durable than the previously studied titanate ceramics. Tables 6 and 7 summarize the results of 3-day MCC-1 tests with several different titanate ceramics. The normalized mass loss values reported in Table 6 are in grams of ceramic per total square meter. In Table 7 , the units are in moles ceramic per total surface area. The moles of ceramic were calculated by dividing the values in Table 6 by the average molecular weight of the ceramic. The average molecular weights of the ceramics shown in Table 7 are the weighted averages of the molecular weights of the chemicals that make up each ceramic. The NL(Ca) value from tests with the zirconolite-rich ceramic (ceramic 1 in Table 6 ) much higher than values from tests with pyrochlore-rich ceramics. Perovskite and a small amount of hollandite were present in the zirconolite-rich ceramic but not in the pyrochlore-rich ceramics. Corrosion of the relatively rapidly dissolved perovskite [LUMPKIN-1991, SMITH-1997] probably accounts for the high NL(Ca) value for the zirconolite-rich ceramic relative to the pyrochlore-rich ceramics (e.g., ceramics 2, 3 and 5).
Three of the pyrochlore-rich ceramics (ceramics 2, 3, and 5 in Table 6 ) have very similar NL(U) values ranging from 0.007 to 0.010 g/m 2. The phase assemblages of these three ceramics are similar, in particular each contains brannerite. Previous work has suggested that brannerite dissolves more rapidly than the other U-bearing phases in these ceramics, and therefore has an important effect on the NL(U) value in short-term tests [BAKEL-1999b, BOURCIER-1999, HART-1999].
The results of this study (ceramic 6, 7, 8, and 9 in Table 6 ) aide similar to the results tests with similar materials done at WSRC (ceramic 4 in Table 6 ). The NL(Ca), NL(Ce) NL(U) values shown in Table 6 for these tests are much lower than for the other tests shown. This is somewhat unexpected. The Hf-Ce-Ce ceramic contains a significant amount of perovskite, and so it was expected to have a relatively high NL(Ca) value based on previous work [LUMPKIN-1991 , SMITH-1997 .
Other than the presence of perovskite in the Hf-Ce-Ce ceramic, the phase assemblages of numbers 2, 3, 4, 6, 7, 8, and 9, are similar. The phase assemblages are based on SEM examination (e.g. Figure 1 ) and account for the major and minor phases. However, the composition of the grain boundaries or the distribution of trace phases may vary. Because the bulk ceramic is quite durable, any changes in the corrosion behavior of trace phases or grain boundaries would be particularly important in the overall corrosion behavior of the ceramics during short-term tests.
The values of NL(Ca), NL(Pu), NL(Ce), and NL(U) for the various ceramics (Tables  and 7) range over more than an order of magnitude. It has been suggested that the porosity of the ceramic affects its corrosion behavior. In particular, if the porosity is greater than 8%, then it can be interconnected [SHAW-1998] . Table 6 contains the measured densities for each of the ceramics considered. The theoretical density of each ceramic was calculated based on chemical composition and phase composition [EBBINGHAUS-2000] . The spreadsheet used for the theoretical density calculations was developed for pyrochlore-rich ceramics, and therefore may not be accurate for the zirconolite-rich ceramic. Three of the pyrochlore-rich ceramics (#2, 3 and 5) have more than 8% porosity; these same ceramics have relatively high NL(Ca) and NL(U) values. The ceramics used in this study (#6-9) have less than 8% porosity; these same ceramics have relatively low NL(Ca) and NL(U) values. The observed relationship between porosity corrosion behavior supports the idea that ceramics with 8% or more porosity have higher normalized mass loss values in short-term tests.
IV. RECOMMENDATIONS
Our MCC-1 test data for Hf-Ce-Ce and Hf-Ce-U titanate ceramic monoliths reveal no measurable difference between the corrosion of monoliths finished to 240-grit and those finished to 600-grit. This result is in marked contrast to those of previous studies [OH-1991 , DUSSOSSOY-1992 that showed significant effects of surface finish on the corrosion behavior of glass. We suggest that the total surface area of a ceramic monolith is dominated by pores and preparation artifacts (e.g. rip-outs), and it is not significantly affected by surface finish. On the other hand, glasses are generally less prone to tip-out.
The finer (600-grit) finish can be produced more consistently than can the coarser (240-grit) finish. In addition, surface flaws (e.g., large pores, cracks and, chips) are easier to detect if the surface has a fine finish. Therefore, we recommend that all monoliths used in short-term MCC-1 tests have a 600-grit finish.
The tests in this study were conducted in Teflon ® vessels, whereas previous short-.term testing projects were conducted in 304L stainless steel vessels. Data shown here suggests that the background is lower for tests conducted with Teflon ® vessels than for tests conducted with stainless steel. In addition, the relatively low cost of Teflon ® vessels allow for disposal of each vessel after one use. This is particularly beneficial when testing radioactive materials.
Our experience shows that Teflon ® vessels are more prone to leakage than are stainless steel vessels. The leakage can be minimized by placing the vessels in sealed secondary containers. A small amount of DIW is in the secondary containers containing. In addition, long-term tests with highly radioactive materials might result in damage to the vessel material; therefore, Teflon ® vessels are probably not suitable for long-term tests. However, we believe that Teflon ® vessels are suitable for short-term tests, and we plan to use them in future tests.
V. CONCLUSIONS
The tests described in this report were conducted to determine whether the use of different surface finishes on the ceramic monolith affects the results of short-term MCC-1 tests. Two different, pyrochlore-rich titanate ceramics were prepared with 240-and 600-grit finishes as test samples. Series of MCC-1 tests were run in Teflon ® test vessels at test durations of 1, 3, 5, 7, and 14 days.
The test results show that the surface finish has no measurable effect on the short-term corrosion behavior of these ceramics. Therefore, short-term MCC-1 tests conducted at different sites, using samples with different surface finishes, can be directly compared.
The normalized mass loss values calculated from short-term MCC-1 tests suggest that these Hf-Ce-Ce and Hf-Ce-U ceramics are more durable than several titanate ceramics tested in previous projects. While a definite cause cannot be determined based on available data, we suggest that the corrosion of trace phases and grain boundaries is responsible for the observed differences. The data also suggests that ceramics with less than 8% porosity yield significantly lower normalized mass loss values than ceramics with more than 8% porosity.
Based on data shown here, we recommend that future short-term MCC-1 tests be conducted with a 600-grit finish due to its broad use and ease of inspection. Teflon ® vessels are recommended over 304L stainless steel vessels for short-term MCC-1 tests due to their low cost and low background. 
5.
After at least 5 days in oven, remove vessels and allow them to cool to room temperature.
6.
Remove lids carefully and dispose of NaOH solution.
7.
Rinse vessels and lids in fresh, high-purity DIW.
8. Repeat step 7.
9.
Place vessels and lids in fresh, boiling high-purity DIW for a minimum of 1 hour.
10.
Repeat steps 7 through 9.
11. Allow vessels and lids to air-dry for a minimum of 8 hours at 90 + 10°C.
12.
Fill vessels about 90% full with fresh, high-purity DIW at ambient temperature.
13.
Tighten lids and place vessels in oven preheated to 90+ 10°C for a minimum of 8 hours.
14.
Remove vessels and allow them cool to room temperature.
15.
Take an aliquot of liquid from each vessel and measure pH.
16.
If pH is below 5, repeat steps 1 through 15 until pH is above 5.
17.
If pH is above 7, repeat steps 7 through 15.
18.
If pH is between 5.0 and 7.0, take a second aliquot and send for F-analysis using an ion-specific electrode (ISE).
19.
20.
If ISE F level is >0.5 ppm (Ixg/mL), repeat steps 1 through 19.
If ISE F-level is <0.5 ppm (~g/mL), a vessel is acceptable for use and should stored in clean marked container.
PROCEDURE FOR CLEANING USED TEFLON ® TEST VESSELS .
Rinse vessels, lids, and supports with fresh high-purity water. Use at least three vessel volumes of water for each vessel.
2.
Soak vessels and supports for at least 2 hours in 0.16 M HNO 3 (1 wt. ttNO3) at 90 + 10°.
3. Rinse again as specified in step 1.
4.
Soak for at leastl h in high purity water at 90 +_ 10°C. Repeat steps 3 and 4 until the pH is in the range of 5.0 to 7.0 and the F is <0.5ppm (lxg/ml). If the pH and fluoride requirements cannot be achieved by three repetitions steps 3 and 4, then repeat the cleaning procedure starting at step 1.
. Dry vessels and lids at 90 +_ 10°C for a minimum of 16 hours and store inside a clean environment until used. -Limit of c uantitation (LOQ) is 10 times the standard deviation of the measured concentration of each element in 10 DIW samples on the day of the sample analysis.
APPENDIX B. Hf-Ce-Ce TEST DATA
"2 -This is the average of three blank tests. If the value is below the LOQ, then it is averaged as LOQ/2. If the average is < LOQ, then the background is defined as zero. 
1-day
